Although much progress has been made in identifying the signaling pathways that mediate the initial responses to interferons (IFNs), much less is known about how IFN-stimulated genes (ISGs) are kept quiescent in untreated cells, how the response is sustained after the initial induction, and how ISG expression is down-regulated, even in the continued presence of IFN. We have used the cell sorter to isolate mutant cells with constitutively high ISG expression. A recessive mutant, P2.1, has higher constitutive ISG levels than the parental U4C cells, which do not respond to any IFN. Unexpectedly, P2.1 cells also are deficient in the expression of ISGs in response to double-stranded RNA (dsRNA). Electrophoretic mobility-shift assays revealed that the defect is upstream of the activation of the transcription factors NFB and IFN regulatory factor 1. Analysis of the pivotal dsRNAdependent serine͞threonine kinase PKR revealed that the wild-type kinase is present and is activated normally in response to dsRNA in P2.1 cells. Together, these data suggest that the defect in P2.1 cells is either downstream of PKR or in a component of a distinct pathway that is involved both in activating multiple transcription factors in response to dsRNA and in regulating the basal expression of ISGs.
Interferons (IFNs) are pleiotropic mediators of antiviral, antiproliferative, and immunomodulatory responses in target cells (1) . Binding to cognate receptors leads to dimerization of heteromeric receptor subunits (2) and to activation of receptor-associated cytoplasmic Janus tyrosine kinases (JAKs). The activated JAKs phosphorylate IFN receptor subunits on specific tyrosine residues, thereby providing docking sites for downstream signaling molecules, including signal transducers and activators of transcription (STATs). STATs associated with the activated receptor complex become phosphorylated on tyrosine themselves, dimerize, and migrate to the nucleus, alone or in conjunction with other DNA binding proteins, to promote expression of specific IFN-stimulated genes (ISGs) (reviewed in refs. [3] [4] [5] [6] .
Although much progress has been made in identifying the major factors involved in the initial induction of ISGs after IFN stimulation (the JAKs and STATs), other aspects of ISG regulation are understood less well. For example, ISG transcription continues for many hours after factors involving STATs have disappeared (7, 8) , suggesting that additional factors sustain the response. Although IFN regulatory factor-1 (IRF-1) is involved in this process (9, 10) , other factors must also be able to carry out this function because ablation of IRF-1 in mice does not affect the kinetics of IFN-induced ISG expression (11) . The down-regulation of ISGs also is not understood well. ISG expression is transient, even in the continued presence of IFN, declining to basal levels within 24-48 hr (12) . Repressors are likely to be involved in terminating ISG transcription because treating cells with IFN in the presence of protein synthesis inhibitors prolongs ISG transcription (12) . Although IFN-2, which binds to IFN-stimulated response elements (ISREs), has been proposed to repress ISG expression after IFN induction (13) , IRF-2-null mouse embryo fibroblasts (MEFs) are not defective in down-regulating ISGs (11) , again suggesting redundant mechanisms. Other ISREspecific transcriptional repressors have been identified, including the lymphoid-specific factors ICSBP (14) and PIP (ICSAT) (15) . However, these factors cannot account for ISG silencing in nonlymphoid cells. In addition to regulation at the transcriptional level, cytoplasmic or nuclear phosphatases are likely to influence the duration of IFN responses by dephosphorylating the activated IFN receptor subunits, the JAKs, and the STATs, leading to down-regulation of the signaling pathways (16) (17) (18) . Double-stranded RNA (dsRNA) accumulates in cells infected by many different viruses (19) and is instrumental in activating expression of the interferon genes (20) . dsRNA also activates incompletely defined pathways that induce expression of some ISGs directly (21) . This activation is independent of IFN because induction is retained in cells that lack IFN genes or the ability to respond to IFN (22) . One well studied component of this signaling cascade is the dsRNA-dependent serine͞threonine kinase PKR (23), a dimer that binds to dsRNA directly, leading to its activation and autophosphorylation (ref. 24 , reviewed in ref. 23 ). Active PKR then can phosphorylate cellular substrates, including eukaryotic protein synthesis initiation factor 2, resulting in a global inhibition of protein synthesis (25) . PKR also is involved in phosphorylating the NFB inhibitor IB (26) , leading to the release of active NFB, thus contributing to activation of the IFN␤ gene (27, 28) and some ISGs (29, 30) . dsRNA-dependent induction of these ISGs involves ISRE-binding factors, and both IRF-1 (22, 31) and the recently identified dsRNA-activated factor (DRAF) (32) have been implicated in this process. Unlike the IFN-dependent induction of ISGs, the direct induction of ISGs by dsRNA does not require JAKs, STAT2, or p48, although STAT1 is required (22) . However, because additional components of the dsRNA-dependent signaling cascade have remained elusive, a complete picture of the mechanism of PKR-dependent regulation of ISGs has yet to emerge.
We have described mutant human cell lines unresponsive to type I and͞or type II IFNs (33) (34) (35) (36) and mutants that secrete IFN constitutively (37) . To isolate constitutive mutants that are independent of IFN secretion, we mutagenized the JAK1-minus cell line, U4C, which is unresponsive to all IFNs (35, 38) .
By using this approach, we now have isolated mutants with defects in ISG regulatory components. One of these, P2.1, has higher constitutive levels of ISG transcripts, indicating that the regulation of basal ISG expression is altered. Of interest, P2.1 is also deficient in dsRNA-dependent responses, including the activation of NFB and IRF-1 and the transcriptional induction of ISGs. Together, these data reveal the existence of a pivotal factor that is involved in regulating multiple aspects of ISG expression.
MATERIALS AND METHODS
Cell Lines, Mutagenesis, Use of the Fluorescent Activated Cell Sorter (FACS), dsRNA Treatment, and Transfections. The parental 2C4 and IFN-unresponsive mutant human cell lines used in these studies have been described elsewhere (34, 35, 38) . All cells were cultured in DMEM supplemented with 10% fetal calf serum. For mutagenesis, U4C cells were treated with the intercalating mutagen ICR191 at 10-15 g͞ml, which provided 50-70% lethality (33, 39) . In these cells, the IFNresponsive 9-27 gene promoter is 5Ј of a cDNA encoding the human cell surface protein CD2. This promoter can be induced by both type I and II IFNs, and cells harboring the 9-27͞CD2 construct have been used to isolate mutants unresponsive to either type of IFN (34) . Four pools of 1 ϫ 10 7 cells each were mutagenized twice and then were sorted for cells with high CD2 expression. The cells were stained with a phycoerythrinconjugated anti-CD2 mAb (Dako). FACScan analysis was performed with a Becton-Dickinson instrument by using the LYSYS II software package. For dsRNA-dependent induction of ISGs, cells in serum-free medium for 12-15 hr were treated with poly (IC)⅐poly (IC) (Pharmacia) at a final concentration of 100 g͞ml. Stable transfection of U4C and P2.1 cells with pRKmJAK1 (35) was carried out by the calcium phosphate procedure (40), followed by selection for puromycin resistance, from the co-transfected pSV2puro, by using 1 g͞ml of puromycin.
Electrophoretic Mobility-Shift Assays (EMSA), Western Transfers, RNA Analyses, and in Vitro Analysis of PKR Activity. EMSA experiments (41) were performed by using whole-cell extracts. Complementary oligonucleotides representing the PRDII binding site for NFB (28) and the ISRE binding site for ISG15 (42) were annealed and end-labeled by using standard procedures (40) . For Western analyses, proteins were resolved in an 8% polyacrylamide gel, were transferred to polyvinylidenedifluoride membranes, and were incubated with antibodies. Bands were visualized by enhanced chemiluminescence by using Renaissance reagents (DuPont). Antisera to IRF-1 and IRF-2 were from Santa Cruz Biotechnology, and a polyclonal antiserum to PKR was kindly provided by Michael Katze (University of Washington). For in vitro analysis of activity, PKR was immunoprecipitated from 100 g of whole cell extract and was analyzed in vitro for kinase activity (43) . Duplicate samples were analyzed for PKR protein to assure equal loading.
RNA was isolated by the Trizol method according to the manufacturer's specifications (GIBCO͞BRL). Total RNA (10 g) was used for RNase protection analysis of endogenous ISG mRNA (44) . Probes for ␥-actin and the IFN-responsive genes ISG54, 561, 6-16, 9-27, IRF-1, and guanylate-binding protein (GBP) have been described (36) . Relative ISG transcript levels were calculated by normalizing to actin controls determined by PhosphorImager analysis (Molecular Dynamics). Reverse transcriptase-PCR analysis of IFN␤ gene expression was performed according to standard procedures (40) .
RESULTS

FACS-Based Separation of Mutant Cells with Constitutive ISG Expression. Previous attempts to isolate mutant cells with
constitutively high ISG expression yielded three distinct complementation groups, each constitutively expressing IFN␣ or IFN␤ (37) . To avoid mutants with defects in regulating IFN gene expression, we used U4C cells that lack JAK1 and thus are unresponsive to any IFN (38) . Because U4C were heavily mutagenized previously, only two additional rounds of mutagenesis were performed, followed by four rounds of sorting for high CD2 expression. Individual clones were isolated from the resulting population, and the basal expression of endogenous ISGs was evaluated by RNase protection analysis. As shown in Fig. 1A , clone P2.1 had 3-to 5-fold higher constitutive expression of several ISG when compared with parental U4C cells or to wild-type 2C4 cells (34) . This constitutive expression was, however, much lower than the IFN␣-induced ISG expression observed in 2C4 cells (20-to 100-fold increase; Fig. 1 A) . To test for dominance, puromycin-resistant P2.1 cells were fused to hygromycin-resistant U4A cells (also lacking JAK1; see ref. 14). After selection for hybrid cells by using both drugs, the levels of ISG transcripts were examined by RNase protection analysis. ISG mRNA levels in the fused population were comparable to U4A basal levels (data not shown), revealing that the new mutation in P2.1 cells is recessive. Furthermore, CD2 expression in the fused population was also at a low, wild-type level (Fig. 1B) , confirming that CD2 expression correlates with the expression of the endogenous ISGs.
P2.1 Cells Are Deficient in dsRNA-Dependent Responses. A recessive phenotype resulting in elevated basal ISG expression could arise through the constitutive activation of transcriptional inducers, such as STATs, or through the loss or downregulation of ISG-specific transcriptional repressors. Because we found no detectable increase in the basal activation of STATs (data not shown), NFB, or IRF-1 (see below), the possibility of a defect in ISG repression was examined in more detail. We reasoned that the defect in ISG regulation might be more pronounced in P2.1 than in U4C cells after ISGs were induced because the loss or misregulation of a transcriptional repressor might alter the kinetics of ISG down-regulation, resulting in a sustained or augmented response. dsRNA was used because neither U4C nor P2.1 cells respond to IFN. Treatment of U4C cells with dsRNA induced ISG54 expression by 100-to 150-fold within 2 hr (Fig. 2A) . Unexpectedly, dsRNA hardly induced ISG54 expression in P2.1 cells at all (2-to 3-fold in 2 hr; see Fig. 2 A) . Similar observations were made when the expression of IRF-1 (Fig. 2 A) , 561, and guanylatebinding protein (GBP) was evaluated (see later). To test for dominance, puromycin-resistant P2.1 and hygromycinresistant U4C cells were fused. As shown in Fig. 2B , the responsiveness to dsRNA was restored fully in the hybrid population indicating that, like the constitutive phenotype, the impairment of the dsRNA response is recessive. IFN␤ gene induction by dsRNA was also defective in P2.1 cells but was restored on fusion of P2.1 with parental U4C cells (Fig. 2C) .
Transcription Factor Activation by dsRNA Is Defective in P2.1 Cells. Several dsRNA-induced transcriptional activators have been identified, including NFB (28) and the ISREbinding factors IRF-1 (22, 31) and dsRNA-activated factor (32) . EMSA of NFB activation, using the PRDII promoter element of the IFN␤ promoter, revealed that treatment of U4C cells with dsRNA and tumor necrosis factor ␣ (TNF␣) (Fig. 3A) . In P2.1 cells, NFB was induced by TNF␣ but not by dsRNA (Fig. 3A) , indicating that the defect in dsRNA-dependent signaling in P2.1 was likely to be upstream of NFB and in a component not shared with the TNF␣ signaling cascade. Recent data have suggested that IRF-1 activity can be regulated through activation of the latent protein independently of protein synthesis (31, 45, 46) . Analysis by EMSA revealed that dsRNA did activate IRF-1 for binding to an ISG15 ISRE probe in U4C but not in P2.1 cells (Fig. 3B) . The activation was rapid (within 2 hr) and did not involve an increase in IRF-1 protein levels (Fig. 3C) . Western analysis of extracts from P2.1 cells indicated that the amounts of IRF-1 in P2.1 and U4C cells were similar and that it migrated identically (Fig. 3C ). Taken together with the above results, these data reveal that the defect in P2.1 is caused by loss of a dsRNAregulated factor required for activation of both IRF-1 and NFB. The defect is recessive, as shown by cell fusion studies similar to those described above (data not shown). We were not able to detect dsRNA-induced dsRNA-activated factor (DRAF) (32) in any of the cell lines tested, including parental U4C or wild-type 2C4 (data not shown), and thus could not determine whether activation of this factor was defective in P2.1 cells.
PKR Activation by dsRNA is Normal in P2.1 Cells. Although dsRNA signaling is understood incompletely, PKR is certainly a major component (23) . Previous studies, performed with MEFs from PKR-null mice, demonstrated that PKR is required for most responses to dsRNA, including the activation of transcription factors such as NFB and IRF-1 and the induction of IFN␤ and ISG transcription (31) . The status of PKR in P2.1 was evaluated by Western and in vitro kinase analyses. The protein is present and is the appropriate size in P2.1 cells (see Fig. 4B ), and it can be activated by dsRNA in vitro (data not shown). In addition, the sequence of PKR mRNA from P2.1 cells, analyzed after reverse-transcriptase PCR, is wild-type (data not shown). Therefore, the failure of P2.1 to support dsRNA-dependent transcription is not caused by a mutation in the PKR gene or by loss of its expression.
We next determined whether PKR is activated in dsRNAtreated P2.1 cells. U4C and P2.1 cells were treated with dsRNA, and whole-cell lysates were prepared. PKR was immunoprecipitated, and an in vitro kinase assay was used to evaluate its activation. In this assay, activation of PKR would have to occur in vivo because no activator was added to the in vitro kinase reaction, and the cells were washed rigorously before lysis to remove any adherent dsRNA. To control for the possibility that tightly bound cell-associated dsRNA might carry through into the in vitro assay, a ''one-minute'' time point was included in which dsRNA was added to the cells just before isolation. PKR was activated equally by dsRNA in U4C and P2.1 cells (Fig. 4A) . The activation was evident within 15 min and increased further over time. There was no activity at the one-minute time point, arguing against carry over of dsRNA into the in vitro kinase reaction. Little change in PKR protein levels was observed (Fig. 4B) , indicating that the increase in PKR phosphorylation reflects changes in its activation status. Taken together, these data reveal that the dsRNA signaling defect in P2.1 is downstream of the activation of PKR.
IFN Responses in JAK1-Complemented P2.1 Cells. The IFN␥ response was identical in wild-type 2C4 and in JAK1-complemented P2.1 cells (Fig. 5A ). This finding is distinct from observations made with MEFs from PKR-null mice, where the IFN␥-dependent induction of the guanylate-binding protein (GBP) gene is defective (31) . The IFN␣-dependent induction of 6-16 ( Fig. 5B ) and 561 (data not shown) mRNA was examined in pools of JAK1 reconstituted P2.1 and U4C cells. Although small differences in the kinetics of the IFN␣ response were observed, the overall induction of these genes in the two populations was very similar, suggesting that the defective component in P2.1 is not required for IFNdependent responses. Importantly, the restoration of JAK1 had no effect on the dsRNA signaling defect in P2.1 (Fig. 5A) . FACS-based strategy designed to enrich pools of mutagenized U4C cells for clones with high constitutive expression of 9-27, monitored with a 9-27-regulated CD2 cell surface marker. The finding that P2.1 cells were also deficient in dsRNAinduced responses was unexpected. Knowledge of whether the constitutive and dsRNA-unresponsive phenotypes are caused by the same or by different mutations will have to await complementation of the defects. Once complemented, P2.1 cells should provide important new information about signaling molecules involved in maintaining the appropriate regulation of ISG expression.
DISCUSSION
The strategy described here extends previous studies aimed at isolating constitutive mutants (37) . The initial work used a drug-based selection strategy in which mutagenized wild-type 2fTGH cells were selected for constitutive expression of the 6-16 ISG promoter. Because the clones identified by this approach had mutations that led to the constitutive production of type I IFNs, we used a different strategy. First, we reasoned that redundant mutations leading to subtle changes in basal ISG expression might be detected more efficiently through a FACS-based approach than by selection strategies, which might require higher levels of basal expression. Second, to avoid responses to IFN, JAK1-null cells were used. Of the mutant cell lines now available, only those lacking STAT1 or JAK1 are completely unresponsive to all IFNs (3). Because we did not want to rule out the possibility of detecting mutants in which STAT1 was constitutively activated (see below), we used the U4C cells.
Constitutive signaling mutants could arise, for example, through the loss of regulatory factors required to suppress ISG expression (repressors) or through the loss of phosphatases required to inactivate IFN-dependent signaling by dephosphorylating critical components. Because the basal expression of ISGs is very low, it seems likely that repressors associate constitutively with the ISG promoters. Whether the same repressors are involved both in terminating responses and in maintaining transcriptional quiescence is not known. Although the loss of a transcriptional repressor could account for the constitutive phenotype of P2.1 cells, if the constitutive phenotype is linked to the signaling defect in response to dsRNA, then loss of a repressor cannot easily account for both phenotypes. It is more reasonable to propose that regulation of the activity of a repressor, perhaps through a secondary modification such as phosphorylation, may be defective in P2.1 cells. Indeed, the loss of a cellular kinase that regulates both ISG-specific repressor activity and dsRNA-inducible transcription factor activity is the most likely explanation for the P2.1 phenotype, as described in more detail below.
The Defect in Response to dsRNA. Many dsRNA-dependent actions are mediated by the IFNs that are induced in response to virus infection. In addition, dsRNA can activate the transcription of some ISGs independently of IFN, a process that is understood poorly but that may be mediated, in part, by NFB and IRF-1 (22) . Binding to dsRNA activates PKR, enabling it to phosphorylate downstream substrates such as eukaryotic protein synthesis initiation factor-2 (23, 25) . The identities of other components that contribute to dsRNA-dependent signaling events have remained elusive.
With respect to dsRNA-dependent effects, the phenotypes of P2.1 cells and PKR-null cells are very similar. PKR-null cells resist the effects of dsRNA, both in terms of ISG induction and transcription factor activation (31, 47) . Nonetheless, several lines of evidence suggest that the P2.1 phenotype is not caused by inactivation of PKR. PKR protein is wild-type in P2.1 cells, as demonstrated by Western and in vitro kinase assays and by the sequence of the PKR message from P2.1 cells. Significantly, the kinetics of PKR activation by dsRNA are similar in P2.1 and U4C parental cells. These data argue against a defect in the dsRNA-dependent activation of PKR and also against a defect in the uptake of dsRNA. Differences in the ability of JAK1-complemented P2.1 cells and PKR-null MEFs to respond to IFN also serve to distinguish the two phenotypes. We believe that P2.1 cells are defective in a novel component of the dsRNA response pathway.
Models To Explain the P2.1 Phenotype. The defect in P2.1 cells affects the dsRNA-dependent induction of both NFBregulated genes (e.g., IRF-1 and IFN␤; Fig. 2 A and C and Fig.  5A ) and of genes regulated by ISRE-binding factors (e.g., 561 and ISG54, Fig. 2 and Fig. 3D ), implicating the loss of a pivotal factor in the dsRNA signaling cascade. Although few dsRNAdependent signaling factors have been identified, data from PKR-null mice have revealed that PKR is required for the dsRNA-dependent activation of NFB and IRF-1 and for the induction of certain ISGs (31) . Therefore, one model that can explain the P2.1 phenotype places the defect downstream of PKR but upstream of the activation of IRF-1 and NFB. With respect to NFB, it has been shown that PKR can phosphorylate IB directly in an in vitro kinase reaction (26) although it may not do so in vivo. Indeed, for this model to be correct, the PKR-dependent activation of transcription factors cannot be direct but must require a phosphorylation cascade. The missing component in P2.1 cells, possibly a cellular kinase, would be required to relay the PKR-dependent signal to NFB and perhaps to other transcriptional regulators such as IRF-1.
A second model would implicate multiple signaling pathways in the activation of transcriptional regulators that act downstream of dsRNA. In this case, the defect in P2.1 would not be linked necessarily to the PKR-dependent pathway but would be in a separate pathway that is coordinately required to activate effector molecules such as NFB and IRF-1. Multiple mechanisms of NFB activation have been identified, and a cellular kinase involved in IkB phosphorylation, IkappaB Kinase or IKK, has been isolated recently (48) (49) (50) . This kinase is involved in the activation of NFB after stimulation of cells with TNF␣ or IL-1, but a role in dsRNA-dependent signaling has not been demonstrated (48) (49) (50) . Of interest, human cells defective in the activation of NFB also have been isolated. These cells, 1.3E2, differ from P2.1 cells in that they are deficient not only in dsRNA-dependent induction of NFB but also in its activation by other stimuli, including TNF␣ (51). The defect in 1.3E2 cells is clearly upstream of IkB phosphorylation, although it is unknown whether the 1.3E2 defect is in IKK. It is unlikely that P2.1 cells are defective in IKK or in a component identical to the defect in 1.3E2 cells because the TNF␣ response in P2.1 cells is intact. Nonetheless, it is possible that the defective protein in P2.1 cells is an analogous kinase that is involved specifically in dsRNA signaling and perhaps also in regulating basal ISG expression.
A growing body of evidence suggests that IRF-1 must be activated, probably by phosphorylation on serine or threonine residues, to enable it to bind DNA and stimulate transcription (31, 45, 46) . The pertinent site(s) of phosphorylation and the identity of the kinase(s) involved is currently unknown. PKR is involved in some aspect of this activation because PKR-null MEFs are impaired severely in their ability to support the dsRNA-or IFN-dependent activation of IRF-1 (31). In P2.1 cells, we observed that the dsRNA-dependent but not the IFN-dependent activation of IRF-1 was defective (data not shown). The lack of a defect in the IFN-dependent induction of target genes in the P2.1 cells with JAK1 restored further distinguishes mutant P2.1 from PKR-null mouse cells, in which the responsiveness to both types of IFN is partially impaired (31) , and lends credence to the idea that P2.1 cells are defective in a component of a PKR-independent pathway. Alternatively, the role of PKR in mediating IFN responses may differ between murine and human cells. We observed minor differences in the kinetics of the IFN␣ response in P2.1 cells with JAK1 restored compared with U4C cells, but these differences may well be caused by different levels of JAK1. Identification of the defective component in P2.1 awaits complementation (1998) with DNA encoding the wild-type protein, which is currently under way.
